ABSTRACT
INTRODUCTION
Myocardial deformation imaging measures the degree of myocardial deformation (strain and strain rate) in three dimensions -longitudinal shortening, radial thickening and circumferential shortening -between adjacent points within the myocardium 1 . It was first developed by Uematsu et al. 2 in 1995 using non-Doppler two-dimensional (2D) speckle-tracking echocardiography, and by Heimdal et al. 3 in 1998 using tissue Doppler imaging. Strain refers to the degree of change in length/thickness of a particular myocardial segment when a force is applied parallel to its resting length/thickness [4] [5] [6] [7] , while strain rate represents myocardial deformation velocity per unit length [4] [5] [6] . Several studies have demonstrated the prognostic value and sensitivity of this technique in adults in diverse conditions such as hypertension, diabetes and myocardial ischemia 5, 8, 9 . Furthermore, the use of this technique also appears to have value in predicting preclinical myocardial dysfunction (both systolic and diastolic) as well as in predicting postoperative outcome following cardiac surgery 7, 10, 11 . Velocity vector imaging (VVI) is a non-Doppler optical method using speckle tracking that permits quantification of myocardial deformation using frame-by-frame tracking of bright myocardial areas. These natural acoustic markers can be identified on 2D echocardiographic images and tracked by frame to provide velocity and displacement data. Unlike Doppler-based echocardiographic techniques, VVI is angle independent and thus not constrained by fetal lie or position. More recently, this technique has been evaluated for use in fetuses [12] [13] [14] [15] [16] [17] [18] [19] , and several studies have demonstrated its potential value in monitoring disease progression and guiding the timing of intervention in fetuses with congenital heart defects, and in pregnancies complicated by twin-to-twin transfusion syndrome, gestational diabetes mellitus [20] [21] [22] [23] [24] and fetal growth restriction 25 . However, the majority of publications report studies with a relatively low number of participants, and few have focused on its application and feasibility at term.
Thus, our aims were to assess fetal myocardial deformation at term in normally grown fetuses using VVI, and to explore myocardial deformation changes over the last 4 weeks of pregnancy.
METHODS
This was a prospective cross-sectional cohort study carried out at the Mater Mothers' Hospital in Brisbane, Australia between March 2015 and September 2016. Inclusion criteria for the study were women with an uncomplicated, non-anomalous singleton pregnancy. Exclusion criteria were known fetal growth restriction or a small-for-gestational-age fetus, multiple pregnancy, pre-eclampsia and maternal age < 18 or > 50 years. Appropriate for gestational age was defined as estimated fetal weight (EFW) > 10 th centile with a cerebroplacental ratio > 10 th centile for gestational age. Ethical and governance approvals were granted by the Mater Human Research Ethics Committee and Research Governance Office, respectively (Ref no: HREC/13/MHS/173,  30 th January, 2014 and 5 th May, 2014). Gestational age was calculated based on first-trimester ultrasound examination. All participants underwent fortnightly ultrasound examinations from 36 ± 1 weeks until delivery, using a Siemens Acuson S2000 ultrasound system (Siemens Medical Systems, Erlangen, Germany) equipped with a 3-8-MHz curvilinear transducer. EFW was calculated at each visit. All scans were performed by a single operator (A.A.A.).
Image acquisition for deformation analysis was performed using a strict protocol 26 . First, a 2D grayscale videoclip (minimum of three clips for three to eight cardiac cycles) of an apical or basal four-chamber view of the fetal heart was obtained. For each video recording, the highest frame rate possible was used while care was taken to ensure that the ventricular images were obtained with optimal contrast between the endocardium and cavity. Recordings were obtained during maternal breath holding and in the absence of fetal breathing movements in order to minimize non-cardiac movement and optimize speckle-tracking ability. For each clip obtained, 3 s (approximately eight cardiac cycles) of non-compressed data were saved in cine-loop format for analysis.
Global and regional myocardial strain and strain rate were measured from the stored 2D cine-loops using Syngo Velocity Vector Imaging (VVI)™ software (Axius; Siemens Medical Solutions USA, Inc., Mountain View, CA, USA) in accordance with the standardized protocol. As fetal heart rate could not be displayed continuously because of the absence of a real-time fetal electrocardiogram (ECG), a superimposed manual M-mode tracing of the right or left ventricular wall motion was used (as a surrogate for the fetal ECG R-wave) to define the cardiac cycle. Using a still single frame, on which the endocardial/blood interface was best visualized (usually mid-systole) (Figure 1a) , the endocardial border of the right or left ventricle was traced manually, starting and ending just below the tricuspid or mitral valve annulus (Figure 1b) . Defining annuli and border position data are necessary components of the VVI algorithm. Images of the right and left ventricles were analyzed simultaneously from the same clip, and strain and strain rate were then calculated automatically by the VVI software package (Syngo USWP, Siemens Medical Solutions) (Figure 1c ). Twenty-two velocity vectors were calculated for each frame of the cardiac cycle to measure deformation of the endocardium (strain), displayed as a percentage, and rate of deformation of the endocardium (strain rate), displayed as change in length per s. Strain and strain rate were then displayed automatically in a six-segment model for the right and left ventricles, in addition to longitudinal global systolic strain and strain rate.
At delivery, gestational age, birth-weight percentile, Apgar scores and delivery complications were recorded. Both women and obstetric caregivers were blinded to the ultrasound results. Labor and delivery were managed according to local protocols and guidelines.
Statistical analysis
Normally distributed data (maternal age, birth weight and fetal cardiac parameters) are reported as mean ± SD. The normality of data distribution was assessed using graphical methods. Non-normally distributed data (body mass index, duration of labor, birth-weight centile and gestational age at delivery) are reported as median and interquartile range. Cardiac strain characteristics between each time point were compared using generalized estimating equation analysis (Stata xtgee command with post estimation comparisons) with exchangeable correlation structure 27 . This method accounts for repeated measurements in individual women, and adjusts for unbalanced data in which different subjects may have a different number of measurements. The intraobserver coefficient of variation was calculated according to the root mean square method 28 . Statistical analysis was performed using Stata software (Version 13.0) (StataCorp, College Station, TX, USA) and the significance level for all analyses was set at P ≤ 0.05.
RESULTS
During the study period, 276 women were recruited; their characteristics are presented in Table 1 . The coefficient of variations for measurements of fetal left and right cardiac strain values were 8.3% (95% CI, 7.1-9.2%) and 9.0% (95% CI, 7.9-9.9%), respectively. Myocardial deformation could not be assessed consistently in some fetuses at each time point because of suboptimal fetal position, fetal movements or excessive fetal breathing motion. At 36, 38 and 40 weeks' gestation, respectively, The results of global and segmental longitudinal strain and strain rate for the left and right ventricles are presented in Tables 2 and 3 , respectively. Mean frame rate at each gestational time point was ≥ 78 frames/s.
All measures of left ventricular strain, including global strain, decreased between weeks 36 and 40. There was no change in left ventricular mid-septal strain between weeks 38 and 40. There was no change in left ventricular apical, mid or basal free wall strain between weeks 36 and 38. Global left ventricular strain fell between each time point (Table 2, Figure 3) .
Left ventricular global, mid-septal, apical septal and apical free wall strain rates decreased between weeks 36 and 40. Left ventricular global strain rate fell between each time point (Table 2, Figure 3 ). Figure 3 ).
DISCUSSION
The results of this study demonstrate that VVI is feasible at term. We managed to acquire adequate images to measure strain and strain rate in the majority (87%) of our study cohort. Other studies have reported an average feasibility rate of 86% 12, 13, 29, 30 , albeit at much lower gestational ages than those reported in this study. Our data also show that there are decreases in global left ventricular and right ventricular longitudinal strain during the last 4 weeks of pregnancy in appropriately grown fetuses 13, [31] [32] [33] . Nevertheless, other studies report conflicting results; some show no change with gestational age in myocardial strain values and others demonstrate changes only within the right ventricle 34, 35 . Possible reasons for these disparities include the use of different ultrasound systems and myocardial deformation software packages with different speckle-tracking algorithms to calculate these indices.
Reduction in strain with advancing gestation was first described by Matsui et al. 13 in 2011. These authors Unable to obtain cardiac images (n = 24)
Unable to obtain cardiac images (n = 15)
Figure 2
Flowchart of study participants in whom fetal myocardial deformation was measured fortnightly from 36 weeks' gestation. postulated that the use of a low frame rate when measuring strain/strain rate may result in missing the true decline with gestational age. Other reasons for the change over gestation include variations in loading of the fetal heart, given that strain is load dependent and is thus affected by preload and afterload conditions 13 . Our results also indicate that strain and strain rate are broadly comparable in the left and right ventricles. The reasons for this are not entirely clear. One explanation is that the degrees of loading of both chambers, although different, reflecting their respective circulations, are not sufficiently at variance to result in a more marked discrepancy in myocardial deformation. In the fetus, global rather than segmental strain values are often reported. This may be more representative of fetal cardiac function, firstly because segmental dysfunction is less likely compared with in the adult heart, and secondly because strain measured in totality is more likely to reflect deformation and function than is strain at specific points 14 . Although different speckle-tracking algorithms are available, it is important to understand the differences between them. The 2D strain and VVI techniques have the same speckle-tracking approach, but they use different implementations in their algorithm details, as VVI tracks a narrower myocardial layer than does 2D strain, while 2D strain tracks the entire region defined by the user and usually includes the myocardial wall in totality 16 . Therefore, it is necessary to specify which algorithm is used for analysis, as strain and strain-rate values will vary between different algorithms.
The VVI technique used in our study is a better method for assessing fetal myocardial deformation than are tissue Doppler imaging technologies, because tissue Doppler is angle dependent, which limits its application, particularly with advanced gestation, thereby restricting the number of ventricular segments available for analysis [36] [37] [38] [39] . VVI is thus a simpler technique and permits the analysis of more cardiac segments using standard echocardiographic images that are suitable for offline analysis, in comparison with those obtained by angle-dependent techniques 14 . The results of our study indicate that VVI is feasible even in late gestation.
The strength of our study is that, to our knowledge, this is the largest study assessing both fetal ventricles in late gestation exploring functional changes over time. However, one limitation of using this technique is that it requires imaging at as high a frame rate as possible to prevent underestimation in the calculation of myocardial deformation as well as potential inaccuracies with tracking. This is because the small size of the fetal heart coupled with its rapid rate requires imaging at much higher frame rates than that needed for adults 14, 40 . Despite this known limitation, mean frame rates reported in our paper (≥ 78 frames/s) are sufficiently high and are unlikely to have significantly compromised our findings. Furthermore, our mean frame rate is also comparable to that reported by Matsui et al. 13 (79 frames/s) achieved at lower gestations and that was categorized by the authors as a high frame rate. Both the frame rates reported by Matsui et al. 13 and those in this paper are also significantly higher than those achieved using standard video (25-30 frames/s). Nevertheless, DeVore et al. 40 recommend the use of higher frame rates when fetal imaging is performed. Another potential limitation is the possibility of chamber foreshortening, which occurs if the cardiac apex is omitted inadvertently. If this happens, the increased mobility of the false apex against the heart base will result in overestimation of strain 14 . Although we were aware of this pitfall and were very careful to optimize all our images before strain and strain rate were measured, this may be a possible explanation for our slightly higher apical values in the left ventricle.
In conclusion, although both our results and those of other investigators support the feasibility of VVI in late pregnancy, it is essential to appreciate the technical considerations required to obtain adequate measurements, as these will undoubtedly influence any assessment of myocardial deformation and function.
